All relevant data are within the paper.

Introduction {#sec001}
============

Salt stress is a complex process that includes changes in plants on the physiological, histological, cellular and molecular levels by limiting nutrient uptake and disrupting the ionic balance \[[@pone.0172682.ref001]--[@pone.0172682.ref005]\].

The cell wall is an integral part of a plant cell, it is metabolically active and dynamically changes in response to internal and external factors. The diversity of the cell wall chemical components is an expression of the changes in cells that are under the influence of various factors. Pectins are components that are subjected to changes in relation to the operating biotic and abiotic factors \[[@pone.0172682.ref006]--[@pone.0172682.ref008]\]. Quantitative and qualitative changes in the pectin composition have been described in plants growing under different abiotic stresses \[[@pone.0172682.ref009]--[@pone.0172682.ref015]\] including salinity \[[@pone.0172682.ref016],[@pone.0172682.ref017]\]. Arabinogalactan proteins (AGPs) play an important role in the control of plant development \[[@pone.0172682.ref018]--[@pone.0172682.ref022]\], and changes in the AGPs indicate that they respond to both biotic and abiotic factors including salinity \[[@pone.0172682.ref023]--[@pone.0172682.ref028]\].

It is postulated that poly-isoprenoids may play a role in the adaptation of trees to abiotic stressors \[[@pone.0172682.ref029],[@pone.0172682.ref030]\]. One possible mechanism of this involvement might comprise two nonexclusive processes, i.e. (i) an increase in the fluidity of cellular membranes (to support the cellular demand for the enhanced transport of lipids and proteins that have been newly synthesized in the cell in response to stress) and (ii) protection (via a suicide mechanism) of the cellular components against the reactive oxygen species (ROS) that are massively generated in response to stress. Poly-isoprenoids belong to the group of prenyl lipids primarily detected in the cell membrane \[[@pone.0172682.ref031]\], and the postulated biological role of prenols is their impact on the fluidity and stability of the cell membranes \[[@pone.0172682.ref032],[@pone.0172682.ref033]\]. Presumably, they also act as \"scavengers\" of free radicals \[[@pone.0172682.ref030],[@pone.0172682.ref034],[@pone.0172682.ref035]\]. There is very little information describing the role of prenyls in the plant response to stress conditions \[[@pone.0172682.ref036]\]. Analyses that have been performed so far suggest that the high content of prenols in the leaves of *T*. *x euchlora* trees may be an adaptation to growth in salt stress because the prenol content changes with the health status of trees \[[@pone.0172682.ref030]\].

The soil contamination that is caused by the NaCl that is used to de-ice slippery roads in winter is now recognized as one of the major causes of the nutrient disorders and death of urban trees (e.g., \[[@pone.0172682.ref037]--[@pone.0172682.ref046]\]). Research that was carried out in the center of Warsaw by Dmuchowski et al. \[[@pone.0172682.ref047]\] showed that over a period of 34 years, more than half (59%) of sidewalk trees had died. The greatest losses were found for *T*. *x euchlora* (62%). Moreover, long term studies performed in that area, which is a typical example of the influence of salinity on trees from the urban ecosystems, showed that within the tree population, some trees have signs of damage and some do not. Such observations forced us to analyze the status of "health" and "injured" trees on the histological and cellular level with respect to composition of the cell wall and the of prenol content in the leaves.

The brief literature review presented above indicates that there may be a relationship between prenyl lipids, sodium and chlorine level, the chemical composition of cell wall and the health status of trees. Thus, the study was focused on the above-mentioned parameters as characterized in leaves from *T*. *x euchlora* trees with and without signs of damage that were all growing in the same salt stress conditions. The reason for undertaking these investigations was observations that had been carried out for many years, which indicated that there are trees that present a healthy appearance and trees that have visible symptoms of decay in the same habitat. Thus, the aim of the present study was to attempt to answer the question of whether healthy trees can develop a defense strategy based on changes in 1) the cellular distribution of selected pectic and AGP epitopes in their leaves, and 2) the content of sodium, chloride and prenyl lipids in order to overcome the harmful effects of salt stress.

Materials and methods {#sec002}
=====================

No specific permissions were required for the study area. We obtained permissions to collect samples from the waste of the Department of Urban Greenery of the Municipal Office. The field studies did not involve endangered or protected species. Specific location of study: 52°12\'15\", 20°59\'13\"E.

Plant material {#sec003}
--------------

The study was performed on Crimean linden (*Tilia x euchlora*) trees, which is a sterile hybrid of small-leaved lime (*Tilia cordata* Mill.), and *Tilia dasystyla* Steven trees, which is a tree that has been known since the mid-nineteenth century \[[@pone.0172682.ref048]\]. The leaves were collected from the external belt of the crown around its entire circumference at heights of 2 m to 4 m (twigs were cut off with pruning shears). In 2012, samples were collected from 80-year-old trees growing in the median strip between roadways that are characterized by high intensity traffic, which have been intensively salted during the winter season for many years. Assessment of tree conditions had been done on two dates in mid-July and mid-September 2011 (and many previous years), and were based on observing any adverse changes in leaves (e.g., browning edges of the leaves, chlorosis, and necrosis) \[[@pone.0172682.ref049]\]. While collecting the samples in mid-July, the injuries of the leaves had just begun to appear. The injuries fully developed in September. Therefore, the health categories "healthy" and "injured" were determined based on the observations that had been made in September of the previous year. The health condition of the trees was confirmed by the observations that were made in September of the year of samples collection. In order to limit the risk of errors, we selected only trees that were characterized by the most often repeated health status and those that had a consistent content of chloride and sodium since 1996 (our own studies). "Healthy" trees were those with minor injuries to the leaf blade (less than 5% of the leaf blade area) and "injured" trees were characterized by a high degree of leaf blade damage (over 50% of the leaf blade area).

Chemical analysis of leaves {#sec004}
---------------------------

Leaf samples for the chemical analysis were collected separately from 16 trees (8 healthy and 8 injured) in mid-July 2012. The leaves were separated from the twigs, placed in linen bags and then brought to the laboratory and dried at 70°C. The dried material was ground to a powder using an impactor mill. To determine the sodium content, the powdered samples were dry-mineralized in a muffle oven \[[@pone.0172682.ref050]\] and analyzed by atomic spectrophotometry using a Perkin Elmer 1100B spectrophotometer \[[@pone.0172682.ref051]\]. Chloride was determined by potentiometric titration using an ion-selective electrode and an Orion Star Plus ion meter \[[@pone.0172682.ref052]\]. To provide quality control (QC), the elemental content in the plant samples was determined using certified reference materials, including apple leaves from the NIST--USA and beech leaves from Sigma-Aldrich.

The obtained results were in good agreement with the certified values. The recovery range was 94.6% for chloride content and 104.5% for sodium content.

To determine poly-isoprenoid, parallel samples of dry leaf powder that were obtained in the same manner as above (50 mg) were subjected to extraction with a mixture of acetone:hexane (1:1, v/v), after which the extracts were supplemented with an internal standard (50 μg of Prenol-15, C = 1 μg/μl). Lipids were extracted at 37°C for 30 min. The extract was removed by centrifugation and decantation. The tissue was re-extracted four times with new portions of the solvent mixture. All extracts were pooled and evaporated under a stream of nitrogen. The dry residue was dissolved in 0.5 ml of hydrolyzing mixture (7.5% KOH in a mixture of water/toluene/ethanol (1:6.6:5.5 v/v/v) containing 0.2% pyrogallol) and incubated at 95°C for 1 h. When the sample reached room temperature, 1 ml of water, 1 ml of hexane and 0.5 ml of saline were added and mixed vigorously. After phase separation, the organic layer was removed, and then the water phase was re-extracted with 1 ml of hexane three additional times. The combined organic phases were evaporated under a stream of nitrogen. Lipids were purified as described earlier by Skorupinska-Tudek et al. \[[@pone.0172682.ref053]\]. Briefly, quantitative and qualitative analyses of the poly-isoprenoids were performed using a HPLC/UV apparatus (Waters) equipped with a Waters UV detector (Waters 2487). Separation was performed using reversed-phase column ZORBAX XDB-C18 (4.6 x 75 mm, 3.5 μm) (Agilent, USA). We used a combination of linear gradient mixtures of solvent A (90% methanol in water, v/v) and solvent B (50% methanol, 25% hexane and 25% isopropanol v/v/v) at a flow rate of 1.5 ml/min. The analysis time was 25 minutes and the injection volume was 10 μl. For other details, see Jozwiak et al. \[[@pone.0172682.ref054]\]. Poly-isoprenoid compounds were identified by comparing their retention times and absorption spectra with the corresponding parameters of standard substances (using an external standard---Pren-9, Pren-11 to Pren-23, and Pren-25 from the Collection of Polyprenols, IBB PAS). Chromatograms were integrated using the Empower Pro program (Waters). The content of the identified compounds was expressed as mg/g dry weight of the plant tissue. Each analysis was performed in triplicate the presented data are the mean ± SD of three independent analyses.

Immunohistochemistry {#sec005}
--------------------

For the histological study, samples were collected from eight trees that were classified as healthy and eight trees that were classified as injured. Branches with leaves were collected from the southern (sunlit) and northern (shady) side of the trees. After cutting, the branches were inserted into water and taken to the laboratory for further procedures. The plant material was divided into four variants: 1) leaves from the southern side of healthy trees; 2) leaves from the southern side of injured trees; 3) leaves from the northern side of injured trees and 4) leaves from the northern side of healthy trees. Samples were fixed in 4% paraformaldehyde and 2% glutaraldehyde in PBS (Phosphate Buffered Saline) and were then dehydrated and embedded in Steedman's wax according to the procedures described previously \[[@pone.0172682.ref055],[@pone.0172682.ref056]\]. Samples were cut into 7 μm cross-sections using a rotary microtome (Zeiss Hyrax M40) and were then attached to microscope slides coated with Mayer's egg albumen, dewaxed in alcohol and rehydrated through a degraded ethanol series. For immunohistochemical analysis, samples were blocked with 2% bovine serum albumin (BSA) and 2% fetal calf serum (FCS) in PBS for 30 min. Then, specimens were incubated with the primary monoclonal antibodies for pectin detection, i.e., LM5, LM6, LM19, LM20; and AGP detection, i.e., JIM8, JIM13, JIM16, and LM2 ([Table 1](#pone.0172682.t001){ref-type="table"}; diluted 1:20 in a blocking buffer for 1.5 h at RT). Subsequently, slides were incubated for 1.5 h with secondary antibodies labelled with AlexaFluor488, then diluted 1:100 in a blocking buffer. Details for these procedures have previously been described \[[@pone.0172682.ref055],[@pone.0172682.ref056]\]. As a control, sections were incubated with a blocking buffer instead of primary antibodies and with AlexaFluor488-labelled secondary antibodies. Observations and documentation were carried out using a Nikon Eclipse Ni-U microscope equipped with a Nikon Digital DS-Fi1-U3 camera with corresponding software (Nikon, Tokyo, Japan) using a maximum excitation wavelength of 490 nm and obtaining maximum emission at 590 nm. Immunohistochemical analyses were performed on at least three samples (several transversal sections from each leaf, separately for the leaf lamina and petiole) from different trees. The photos are representative of the obtained results.

10.1371/journal.pone.0172682.t001

###### List of the monoclonal antibodies used in the current study, the epitopes they recognized and references.

![](pone.0172682.t001){#pone.0172682.t001g}

  Antibody    Epitope                    References
  ----------- -------------------------- ------------------------------------------
  *Pectins*                              
  LM19        Low methyl-esterified HG   Verhertbruggen et al. 2009
  LM20        High metyl-esterified HG   Verhertbruggen et al. 2009
  LM5         (1→4)-ß-D-galactan         Jones et al. 1997
  LM6         (1--5)-α-L-arabinan        Willats et al. 1998
  *AGPs*                                 
  JIM8        Arabinogalactan            Pennell et al. 1991, Yates et al. 1996
  JIM13       AGP glycan                 Knox et al. 1991, Yates et al. 1996
  JIM16       AGP glycan                 Knox et al. 1991, Yates et al. 1996
  LM2         ß-linked GlcA              Smallwood et al. 1996, Yates et al. 1996

Statistical analysis {#sec006}
--------------------

The obtained results were statistically analyzed in Statistica 10 using a one-way analysis of variance. Multiple comparison procedures were performed using Tukey's test to compare the means of the chemical composition of the leaves. Based on the analysis, the groups of homogeneous means were distinguished. Immunohistochemical data were also subjected to statistical analysis using the Kruskal--Wallis test to compare the means for all of the AGP and pectic epitopes (Tables [2](#pone.0172682.t002){ref-type="table"} and [3](#pone.0172682.t003){ref-type="table"}). For all of the analyses, the significance level was set at 0.05.

10.1371/journal.pone.0172682.t002

###### Means of the AGP (± SE) and pectic epitopes in the petiole and their comparisons based on the Kruskal-Wallis test.

![](pone.0172682.t002){#pone.0172682.t002g}

                         shady-healthy   sun-healthy    shady-injured   sun-injured     *P-value*
  ---------------------- --------------- -------------- --------------- --------------- -------------
  AGP all--petiole       1.44a ± 0.18    1.29a ± 0.18   1.64a ± 0.18    1.58a ± 0.19    *0*.*351*
  Pectins all--petiole   2.08b ± 0.22    1.44b ± 0.18   2.04b ± 0.20    0.80a ± 0.15    *\<0*.*001*
  Petiole JIM8           0.90a ± 0.32    0.70a ± 0.26   1.30a ± 0.32    1.15a ± 0.36    *0*.*534*
  Petiole JIM13          2.50a ± 0.31    2.55a ± 0.34   2.45a ± 0.34    2.50a ± 0.34    *0*.*993*
  Petiole JIM16          0.20a ± 0.09    0.00a ± 0.00   0.70a ± 0.28    0.40a ± 0.11    *0*.*028*
  Petiole LM2            2.15a ± 0.40    1.90a ± 0.36   2.10a ± 0.35    2.25a ± 0.41    *0*.*804*
  Petiole LM5            0.55a ± 0.22    1.50b ± 0.25   0.45a ± 0.11    0.60ab ± 0.18   *0*.*004*
  Petiole LM6            2.55a ± 0.42    2.80a ± 0.48   1.90a ± 0.35    2.35a ± 0.40    *0*.*343*
  Petiole LM19           1.60b ± 0.22    1.25b ± 0.19   3.00b ± 0.40    0.00a ± 0.00    *\<0*.*001*
  Petiole LM20           3.60b ± 0.48    0.20a ± 0.09   2.80b ± 0.42    0.25a ± 0.10    *\<0*.*001*

**Note:** Different letters indicate statistically significant differences. The scale is from 0 to 5, where the individual values represent 5 (++) very strong signal, 4 (+) strong signal, 3 (++/-) epitope present in the most of cells, 2 (+/-) epitope present in the part of cells, 1 (+/\--) epitope present in the individual cells; 0 (-) epitope not detected.

10.1371/journal.pone.0172682.t003

###### Mean levels (± SE) of the AGP and pectic epitopes in the leaf lamina and their comparisons based on the Kruskal-Wallis test.

![](pone.0172682.t003){#pone.0172682.t003g}

                             shady-healthy   sun-healthy    shady-injured   sun-injured    *P-value*
  -------------------------- --------------- -------------- --------------- -------------- -------------
  AGP all--leaf lamina       1.79b ± 0.13    1.79b ± 0.11   1.51ab ± 0.12   1.27a ± 0.12   *0*.*009*
  PECTINS all--leaf lamina   2.46b ± 0.15    1.59a ± 0.13   2.98b ± 0.17    1.62a ± 0.16   *\<0*.*001*
  Leaf lamina JIM8           0.86a ± 0.15    1.49a ± 0.24   1.23a ± 0.21    1.14a ± 0.14   *0*.*299*
  Leaf lamina JIM13          1.94a ± 0.28    2.06a ± 0.24   2.60a ± 0.21    2.66a ± 0.17   *0*.*168*
  Leaf lamina JIM16          1.34b ± 0.17    1.49b ± 0.21   0.00a ± 0.00    0.00a ± 0.00   *\<0*.*001*
  Leaf lamina LM2            3.03b ± 0.23    2.11a ± 0.22   2.23ab ± 0.21   1.29a ± 0.30   *\<0*.*001*
  Leaf lamina LM5            0.57a ± 0.12    0.63a ± 0.12   1.23a ± 0.19    0.86a ± 0.13   *0*.*038*
  Leaf lamina LM6            2.57ab ± 0.31   2.23a ± 0.27   3.34bc ± 0.37   3.49c ± 0.38   *\<0*.*001*
  Leaf lamina LM19           3.29b ± 0.24    2.63b ± 0.27   4.14c ± 0.30    0.00a ± 0.00   *\<0*.*001*
  Leaf lamina LM20           3.43c ± 0.24    0.86a ± 0.15   3.20c ± 0.24    2.14b ± 0.23   *\<0*.*001*

**Note:** Different letters indicate statistically significant differences. The scale of 0 to 5, where the individual values represent 5 (++) very strong signal, 4 (+) strong signal, 3 (++/-) epitope present in the most of cells, 2 (+/-) epitope present in the part of cells, 1 (+/\--) epitope present in the individual cells; 0 (-) epitope not detected.

Results {#sec007}
=======

Chemical composition of the leaves {#sec008}
----------------------------------

### Chlorine and sodium {#sec009}

The content of chloride and sodium in leaves of the healthy trees was significantly lower than in the leaves of injured trees ([Table 4](#pone.0172682.t004){ref-type="table"}; in the remaining text, for simplicity, in the results description "healthy leaves" and "injured leaves" means leaves from trees that were determined to be healthy and injured, respectively). These differences were statistically significant. There were no statistically significant differences between the chloride and sodium content in the leaves collected from the sunlit and shady sides of the crown ([Table 4](#pone.0172682.t004){ref-type="table"}).

10.1371/journal.pone.0172682.t004

###### Comparison of the average concentrations of chlorine and sodium in leaves under different health and light conditions.

![](pone.0172682.t004){#pone.0172682.t004g}

  Status of health trees   Light conditions   Cl \[%\] Mean with SD   Na \[mg/kg\] Mean with SD
  ------------------------ ------------------ ----------------------- ---------------------------
  healthy                  shady              0.88a ± 0.11            185a ± 42
  sunlit                   0.85a ± 0.10       173a ± 37               
  injured                  shady              1.43b ± 0.09            952b ± 500
  sunlit                   1.39b ± 0.07       939b ± 393              

**Note:** Groups of means were separated based on the Tukey's analysis; different letters indicate statistically significant differences.

### Prenyl lipids {#sec010}

Based on chromatographic analysis (HPLC/UV), four prenyl lipids were identified in the leaves of Crimean linden, i.e., Pren-9, -10, -11 and -12. Different light conditions affected only the total content of prenyl lipids ([Table 5](#pone.0172682.t005){ref-type="table"}) but not the profile. Leaves from the sunlit side of the trees had a significantly higher content of these compounds than leaves from the shady side. Moreover, it was found that the total prenyl lipid content was higher in healthy leaves than in injured ones. A strong positive correlation was found between the contents of chloride and sodium and the total content of prenyl lipids (Figs [1](#pone.0172682.g001){ref-type="fig"} and [2](#pone.0172682.g002){ref-type="fig"}, respectively), and of individual prenyl lipids in the leaves, with the exception of Pren-12. Based on linear regression analysis (Figs [1](#pone.0172682.g001){ref-type="fig"} and [2](#pone.0172682.g002){ref-type="fig"}), it was found that initially (for lower concentration of chlorine and sodium salt) the prenyl lipid content decreased with increasing chloride and sodium concentrations in the leaves.

![The relation between the sodium content and prenyl lipids in the leaves of Crimean linden.](pone.0172682.g001){#pone.0172682.g001}

![The relation between the chlorine content and prenyl lipids in the leaves of Crimean linden.](pone.0172682.g002){#pone.0172682.g002}

10.1371/journal.pone.0172682.t005

###### Comparison of the average concentrations of prenyl lipids in leaves under different health and light conditions.

![](pone.0172682.t005){#pone.0172682.t005g}

  Status of trees health   Light conditions   Prenyl lipids (mg/g of dry leaf weight) Mean with SD                                                  
  ------------------------ ------------------ ------------------------------------------------------ -------------- --------------- --------------- --------------
  healthy                  shady              0.74 bc ± 0.19                                         3.52b ± 0.95   2.81b ± 0.74    0.17ab ± 0.03   7.24b ± 1.54
  sunlit                   0.80 c ± 0.16      4.71c ± 1.00                                           3.65c ± 0.80   0.26 c ± 0.03   9.41c ± 1.71    
  injured                  shady              0.49 a ± 0.10                                          2.50a ± 0.41   1.94a ± 0.35    0.15 a ± 0.05   5.09a ± 0.76
  sunlit                   0.65 b ± 0.10      3.48b ± 0.78                                           2.67b ± 0.62   0.20 b ± 0.02   6.99b ± 1.40    

**Note:** Groups of means were separated based on the Tukey's analysis; different letters indicate statistically significant differences.

Immunohistological analysis of pectic and AGP epitopes {#sec011}
------------------------------------------------------

### AGP epitopes, leaf lamina, sunlit side ([Table 6](#pone.0172682.t006){ref-type="table"}) {#sec012}

The epitope recognized by JIM8 antibodies in healthy leaves were localized in the cytoplasm, cell wall and plasmalemma in the majority of the adaxial epidermal cells and were abundant in parenchyma and hypodermis cells ([Fig 3A](#pone.0172682.g003){ref-type="fig"}). However, on the abaxial side, JIM8 was only observed in the individual epidermal cells ([Fig 3B](#pone.0172682.g003){ref-type="fig"}). In injured leaves, JIM8 antibodies were present in the cytoplasm in the individual cells of all of the analyzed tissues independent of the leaf side ([Fig 3C and 3D](#pone.0172682.g003){ref-type="fig"}). The JIM16 epitope in healthy leaves was present in the cytoplasm and outer periclinal walls in some abaxial epidermal cells, in the cell walls of most abaxial hypodermal cells and in the cytoplasm and plasmalemma of abaxial and adaxial parenchyma cells ([Fig 3E and 3F](#pone.0172682.g003){ref-type="fig"}). JIM16 was not detected in any cells of injured leaves. JIM13 antibodies were present in the cytoplasm and plasmalemma or cell walls in healthy (apart from the abaxial hypodermis) and injured leaves ([Fig 4A--4D](#pone.0172682.g004){ref-type="fig"}). The presence of the JIM13 epitope in the xylem was detected only in injured leaves ([Fig 4E and 4F](#pone.0172682.g004){ref-type="fig"}). The LM2 epitope was present in the epidermis and hypodermis on the abaxial side and in the parenchyma cells on the abaxial and adaxial sides of injured leaves ([Fig 5C and 5D](#pone.0172682.g005){ref-type="fig"}) and on both sides in all of the analyzed tissues of healthy leaves ([Fig 5A and 5B](#pone.0172682.g005){ref-type="fig"}).

![**JIM8 epitope (a-d) and JIM16 epitope (e-f) leaf lamina, sunlit side.** (a,b,e,f) -- healthy leaf, (c,d) -- injured leaf, (a,c,e) -- adaxial side, (b,d,f) -- abaxial side. e -- epidermal cells, h -- hypodermal cells, p -- parenchyma. Bars, 10 μm.](pone.0172682.g003){#pone.0172682.g003}

![JIM13 epitope, sunlit side.\
(a,b,e) -- healthy leaves, (c,d,f) -- injured leaves, (a,c) -- adaxial side, (b, d) -- abaxial side. e -- epidermal cells, h -- hypodermal cells, x -- xylem cells. Bars, 50 μm.](pone.0172682.g004){#pone.0172682.g004}

![**LM2 epitope, leaf lamina, sunlit side (a-d), JIM8 epitope, leaf lamina, shady side (e,f), JIM13 epitope, leaf lamina, shady side (g-h)** (a,b,e,g) -- healthy leaves, (c,d,f,h) -- injured leaves (a,c,e,f) -- adaxial side, (b,d) -- abaxial side. e -- epidermal cells, h -- hypodermal cells, x -- xylem cells. Bars, 10 μm.](pone.0172682.g005){#pone.0172682.g005}

10.1371/journal.pone.0172682.t006

###### Analysis of the distribution of the JIM8, JIM16, JIM13, and LM2 epitopes associated with the AGPs in various tissues.

![](pone.0172682.t006){#pone.0172682.t006g}

  AGP                  LEAF LAMINA         PETIOLE                       LEAF LAMINA    PETIOLE                                                                                                                                               
  -------------------- ------------------- -------------- -------------- -------------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- --------- ----------- --------- --------- ---------
  **JIM8**             Adaxial epidermis   ++/- c, p, w   +/\--c, p      ++/- c, p, w   +/- c, p    ++/- c, p   ++/- c, p   ++/- c, p   ++/- c, p   **JIM13**   ++/- w      +/- c, p    ++/- c, p   \+ c, p   \+ c, w     \+ c, w   \+ c, p   \+ c, p
  Abaxial epidermis    +/\--c, p           ++/- c, p      +/\--c, w      +/\--c, w      \+ w        \+ c, p     ++/- c, p   \+ c, p                                                                                                           
  Adaxial hypodermis   ++/- c, p           +/\--c         ++/- c, p, w   +/- p          \-          \-          \-          \-          ++/- w      ++/- c, w   ++/- c, p   ++/- c, p   +/\--c      +/\--c    +/\--c      +/\--c              
  Abaxial hypodermis   \-                  +/\--c         \-             \-             \-          +/\--p      \-          \-                                                                                                                
  Adaxial parenchyma   ++/- c, p           +/\--c         +/- c, p, w    +/\--c, p      \-          \-          \-          \-          +/- w       ++/- c, w   ++/- c, p   +/\--p      +/\--w      +/\--w    +/\--w      +/\--w              
  Abaxial parenchyma   \-                  +/\--c         \-             \-             +/- p       +/- c, p    +/- c, p    +/\--p                                                                                                            
  Xylem                \-                  \-             \-             \-             \-          +/- l       +/- w, l    \-          \-          \+ l        \+ l        \-          \+ w, l     \+ w, l   +/\--w, l   +/\--l              
  **JIM16**            Adaxial epidermis   \-             \-             \-             ++/- c, p   \-          \-          \-          \-          **LM2**     +/\--w      \-          +/- w       \+ c, w   \+ c, w     \+ c, w   \+ c, w   \+ c, w
  Abaxial epidermis    +/- c, w            \-             \-             \-             \+ c, w     \+ c, w     \+ c, w     \+ c, w                                                                                                           
  Adaxial hypodermis   \-                  \-             \-             +/- c, p       \-          +/\--c, p   ++/- c, p   +/\--c, p   +/- w       \-          +/- w       \+ w        ++/- c, w   \+ c, p   ++/- w      \+ p                
  Abaxial hypodermis   ++/- w              \-             \-             +/- p          ++/- w      \+ w        ++/- w      ++/- w                                                                                                            
  Adaxial parenchyma   +/- c, p            \-             \-             +/- c, p       \-          +/\--c, p   \-          \-          +/- w       +/\--w      ++/- w      \+ w        +/\--w      +/\--w    +/\--w      +/\--w              
  Abaxial parenchyma   +/- c, p            \-             \-             +/\--w, p      ++/- w      +/\--w      ++/- w      ++/- w                                                                                                            
  Xylem                \-                  \-             \-             \-             \-          \-          \-          \-          \-          \-          \-          \-          \-          \-        \-          \-                  

c -- cytoplasm, l -- middle lamella, p -- plasma membrane, w -- cell wall; ++ very strong signal, + strong signal, ++/- epitope present in the most of cells, +/- epitope present in the part of cells, +/\--epitope present in the individual cells;---epitope not detected.

### AGP epitopes, leaf lamina, shady side ([Table 6](#pone.0172682.t006){ref-type="table"}) {#sec013}

The JIM8 epitope was more abundant on the adaxial side of the leaves, and the localization of signals in the cell was significantly different in injured leaves compared to healthy ones ([Fig 5E and 5F](#pone.0172682.g005){ref-type="fig"}). The JIM16 epitope was present only in plasmalemma adjacent to the outer and inner periclinal epidermal walls on the adaxial side and on both sides of the leaf lamina in the hypodermis and parenchyma in healthy leaves. The JIM13 epitope was found in both healthy and injured leaves but was more abundant in injured leaves, especially in the vascular tissue ([Fig 5G and 5H](#pone.0172682.g005){ref-type="fig"}). The LM2 antibody was present in healthy and injured leaves with no significant differences.

Summarizing, statistically significant differences comprising the AGP epitopes in all of the variants were present in the case of both the JIM16 and LM2 epitopes ([Table 3](#pone.0172682.t003){ref-type="table"}).

### AGP epitopes, petiole, sunlit side ([Table 6](#pone.0172682.t006){ref-type="table"}) {#sec014}

The JIM8 epitope was detected only in the cytoplasm and plasmalemma of epidermal cells in both of the analyzed variants. The JIM16 epitope was not present in healthy leaves at all but a weak JIM16 signal was observed in the hypodermal and parenchyma cells in injured leaves. There were no significant differences in the case of the JIM13 and LM2 epitopes in either of the analyzed variants.

### AGP epitopes, petiole, shady side ([Table 6](#pone.0172682.t006){ref-type="table"}) {#sec015}

The occurrence of the JIM8 epitope was different in the xylem tissue in that it was not observed in healthy leaves ([Fig 6A and 6B](#pone.0172682.g006){ref-type="fig"}). The JIM16 epitope was detected only in the hypodermis in healthy and injured leaves, but the fluorescence signal was more abundant in injured leaves ([Fig 6C and 6D](#pone.0172682.g006){ref-type="fig"}). There were no significant differences in the case of the JIM13 and LM2 epitopes in either of the analyzed variants.

![**JIM8 epitope, petiole, shady side (a,b), JIM16 epitope, petiole, shady side (c,d), LM5 epitope, petiole, sunlit side (e,f).** (a,c,e) -- healthy leaf, (b,d,f) -- injured leaf. e -- epidermal cells, h -- hypodermal cells, x -- xylem cells. Bars (a,b), 50 μm; (c-f), 10 μm.](pone.0172682.g006){#pone.0172682.g006}

No statistically significant differences were detected regarding the presence of AGPs in the petiole.

### Pectic epitopes, leaf lamina, sunlit side ([Table 7](#pone.0172682.t007){ref-type="table"}) {#sec016}

The LM5 epitope occurred in all of the analyzed leaves and was more abundant in injured leaves. In healthy leaves, it was present in intercellular spaces ([Fig 7A and 7B](#pone.0172682.g007){ref-type="fig"}). The LM6 epitope was present in all of the analyzed tissues of both healthy and injured leaves but the signal intensity was stronger in injured leaves ([Fig 7C and 7D](#pone.0172682.g007){ref-type="fig"}). The LM19 epitope was present only in healthy leaves ([Fig 8A and 8B](#pone.0172682.g008){ref-type="fig"}). The LM20 epitope was present in the abaxial epidermis and in the intercellular spaces of the hypodermis and parenchyma in healthy leaves ([Fig 8E](#pone.0172682.g008){ref-type="fig"}). In injured leaves, this epitope was present in most of the cell walls of the analyzed tissues ([Fig 8F](#pone.0172682.g008){ref-type="fig"}).

![**LM5 epitope, leaf lamina, sunlit side (a,b), LM6 epitope, leaf lamina, sunlit side (c,d) LM6 epitope, leaf lamina, shady side (e,f).** (a,c,e) -- healthy leaf, (b,d,f) -- injured leaf, (a-f) -- abaxial side. e -- epidermal cells, h -- hypodermal cells. Bars, 10 μm.](pone.0172682.g007){#pone.0172682.g007}

![**LM19 epitope, leaf lamina, sunlit side (a,b) LM19 epitope, leaf lamina, shady side (c,d) LM20 epitope, leaf lamina, sunlit side (e,f).** (a,c,e) -- healthy leaf, (b,d,f) -- injured leaf, (a,b,c,e,f) -- abaxial side, (d) -- adaxial side. e -- epidermal cells, h -- hypodermal cells. Bars (a,b), 50 μm, (c-f), 10 μm.](pone.0172682.g008){#pone.0172682.g008}

10.1371/journal.pone.0172682.t007

###### Analysis of the distribution of the LM5, LM6, LM19 and LM20 epitopes associated with pectins in various tissues.

![](pone.0172682.t007){#pone.0172682.t007g}

  PECTINS              LEAF LAMINA         PETIOLE             LEAF LAMINA   PETIOLE                                                                                                                             
  -------------------- ------------------- --------- --------- ------------- --------- -------- ---------- --------- -------- ---------- ------------ --------- ------------ -------- --------- --------- ------ -------
  **LM5**              Adaxial epidermis   \-        \-        \-            \-        +/- w    +/- w, c   +/\--w    \-       **LM19**   \+ w         \-        ++ w, p, c   \+ w     +/- w     \-        \+ w   +/- w
  Abaxial epidermis    +/\--w, l           +/\--w    \-        \-            \+ w      \-       ++ w       \+ w                                                                                                  
  Adaxial hypodermis   +/- w, l            +/- w     +/- w     +/- w         ++/- w    \-       +/\--w     +/- w     \+ w     \-         ++ w, p, c   \+ w, l   +/- w        \-       \+ w      +/- w            
  Abaxial hypodermis   \-                  +/\--w    +/- w     +/\--w        \+ w      \-       ++ w       \+ w                                                                                                  
  Adaxial parenchyma   +/\--w, l           +/- w     ++/- w    +/\--w        +/\--w    \-       \-         \-        +/- w    \-         ++ w, p, c   \+ w      +/- w        \-       \+ w      +/- w            
  Abaxial parenchyma   +/\--w, l           +/\--w    +/- w     \-            \+ w      \-       ++ w       \+ w                                                                                                  
                       Xylem               \-        \-        \-            \-        \-       \-         \-        \-       \-         \-           \-        \-           \-       \-        \-        \-     
  **LM6**              Adaxial epidermis   \-        \-        \-            \-        ++ w     \+ w       ++/- w    \+ w     **LM20**   \-           +/\--w    \+ w         \+ w     \-        \-        \+ w   \+ w
  Abaxial epidermis    +/- w               ++ w      \+ w      \-            +/- w     +/- w    \+ w       \+ w, l                                                                                               
  Adaxial hypodermis   \+ w                ++ w      ++ w      ++ w          ++ w      \+ w     \+ w, l    ++ w, l   \-       +/- w      \+ w, l      \+ w, l   \-           \-       \+ w, l   ++ w, l          
  Abaxial hypodermis   \+ w                ++ w      ++ w, l   \+ w, l       +/\--w    ++/- w   \+ w, l    \+ w, l                                                                                               
  Adaxial parenchyma   +/- w               ++ w      ++ w      \+ w          +/- w     +/\--w   +/\--w     +/- w     +/\--w   ++/- w     +/- w        \+ w      +/\--w       +/\--w   ++/- w    ++ w             
  Abaxial parenchyma   ++/- w              \+ w      ++ w      \+ w          +/\--w    ++/- w   \+ w       \+ w                                                                                                  
                       Xylem               \-        \-        \-            +/- l     \-       \-         \-        \-       \-         \-           \-        \-           \-       \-        \-        \-     

c -- cytoplasm, l -- middle lamella, p -- plasma membrane, w -- cell wall; ++ very strong signal, + strong signal, ++/- epitope present in the most of cells, +/- epitope present in the part of cells, +/\--epitope present in the individual cells;---epitope not detected.

### Pectic epitopes, leaf lamina, shady side ([Table 7](#pone.0172682.t007){ref-type="table"}) {#sec017}

The LM5 antibody was present in both of the analyzed variants, but the signal intensity was stronger in injured leaves. The LM6 epitope was differentially distributed in the epidermis, which was manifested by its presence only in injured leaves ([Fig 7E and 7F](#pone.0172682.g007){ref-type="fig"}). The LM19 signal was very strong in all of the analyzed samples; however, the only difference was the presence of LM19 in the cytoplasm of injured leaves ([Fig 8C and 8D](#pone.0172682.g008){ref-type="fig"}). There were no significant differences in the occurrence of the LM20 epitope.

The distribution of pectic epitopes in all of the analyzed leaf lamina samples revealed statistically significant differences between healthy and injured leaves for the LM6, LM19 and LM20 epitopes.

### Pectic epitopes, petiole, sunlit side ([Table 7](#pone.0172682.t007){ref-type="table"}) {#sec018}

In healthy leaves, the LM5 epitope was present in the epidermal, hypodermal and individual parenchyma cell walls, whereas in injured leaves, LM5 was present only in the epidermal cell walls and the cytoplasm ([Fig 6E and 6F](#pone.0172682.g006){ref-type="fig"}). The LM19 epitope was detected in most of the epidermal, hypodermal and parenchyma cell walls only in healthy leaves. There were no significant differences in the occurrence of the LM20 epitope in any of the analyzed samples. Additionally, there were only slight differences in the occurrence of the LM6 epitope in the analyzed petioles, where the fluorescence of this epitope was more intensive in healthy leaves.

### Pectic epitopes, petiole, shady side ([Table 7](#pone.0172682.t007){ref-type="table"}) {#sec019}

The LM5 epitope occurred in the hypodermal cells and was more abundant in healthy leaves, whereas a weak LM5 signal in the epidermal walls was detected only in injured leaves. In injured leaves, the LM19 epitope was more abundant in the epidermis, hypodermis and parenchyma than in healthy leaves, whereas the LM19 signal was weaker and was not observed in all of the cells. The LM20 epitope in both samples was present in the epidermal and parenchyma walls and in the cell walls and middle lamella of the hypodermis; however, in injured leaves, LM20 was detected in the walls that surrounded the intracellular spaces. There were no significant differences in the occurrence of the LM6 epitope in either of the analyzed variants.

The distribution of pectic epitopes in all of the analyzed petioles revealed statistically significant differences between healthy and injured leaves for the LM5, LM19 and LM20 epitopes, including the level of light ([Table 2](#pone.0172682.t002){ref-type="table"}).

Discussion {#sec020}
==========

In response to salinity, plants, and trees in particular, have developed a variety of defense mechanisms that allow them to minimize the effects of stress and maintain homeostasis \[[@pone.0172682.ref057]--[@pone.0172682.ref059]\]. The harmful influence of salinity on the growth and development of trees is well known and includes, among others, a reduction in growth, changes in hormone concentrations \[[@pone.0172682.ref060]\], vessel numbers and diameters \[[@pone.0172682.ref061],[@pone.0172682.ref062]\], and cell wall thicknesses, as well as modification of the wood chemical composition \[[@pone.0172682.ref063]\].

The results presented here show that trees growing in the same salinity stress indicate a correlation between changes in the chemical composition of the cell wall and the content of prenyl lipids, and the health status of trees. Analysis of the correlation between the prenols and the chemical components of the cell wall showed a positive correlation between JIM13 in the leaf lamina and petiole and the LM6 antibody in the petiole. A negative correlation was observed between JIM16 and JIM8 in the case of the petiole and LM6, LM5 and LM20 in the case of the leaf lamina. These results suggest that some trees have developed resistance mechanisms in which changed levels of prenols and changes in chemical composition of the cell wall may be involved.

Chemistry {#sec021}
---------

The normal level of chloride in linden leaves should be less than 0.3%, but the threshold value beyond which visible leaf damage appears has been estimated as 0.6--0.8% \[[@pone.0172682.ref064]--[@pone.0172682.ref067]\]; thus, the first faint signs of leaf damage appear at 0.37% of the value of the chloride concentration \[[@pone.0172682.ref045]\]. This level was exceeded in the leaves of all of the studied variants.

The content of sodium also had a significant impact on the condition of the leaves. In injured leaves, the sodium level was five times higher than in healthy leaves. Sodium has a high concentration in soil and plants, and its excess mostly results in an ionic imbalance rather than a direct toxic effect \[[@pone.0172682.ref067]--[@pone.0172682.ref069]\].

The prenyl lipid content in the leaves decreased along with deterioration of the condition of the trees \[[@pone.0172682.ref030]\]. Skorupińska-Tudek et al. \[[@pone.0172682.ref053]\] found an increase in dolichols in the roots of *Coluria geoides* and *Cucumis sativus* in response to salinity, heavy metals, low temperatures and a lack of potassium and phosphorus in the nutrient medium. Furthermore, prenyl lipids may have a protective effect in the case of a viral infection in plants \[[@pone.0172682.ref029],[@pone.0172682.ref070]\]. A negative correlation between the sodium and chloride content and that of polyprenols was observed in this study, which may suggest their protective role against adverse environmental conditions. Furthermore, the decline in the polyprenol concentration that was noted at higher levels of chloride and sodium likely indicates an enhancement of their catabolism under such conditions. This observation is in line with the supposition that poly-isoprenoids, which are scavengers of the reactive oxygen species that are massively generated upon stress, undergo decomposition \[[@pone.0172682.ref029]\]. Modulation of the content of poly-isoprenoids in response to chlorine and sodium salt concentration are in line with the postulated mechanism according to which poly-isoprenoids protect the biological membranes by 'shielding' other lipids and integral membrane proteins \[[@pone.0172682.ref029]\]. Such a role for volatile isoprenoids, i.e. their cooperation with carotene and tocopherols in order to fortify the defense system upon oxidative stress \[[@pone.0172682.ref071]\] has also been postulated. The ROS-scavenging function of poly-isoprenoid lipids, which are components of the membranes, seems to be of special importance. Poly-isoprenoids might be dedicated to scavenge the ROS that are generated by integral membrane enzymes, e.g. the plasma membrane NADPH oxidase. In this context, it seems plausible to assume, that membrane lipids might serve as the first targets for the destructive ROS species since it is energetically cheaper to remove and replace a damaged lipid molecule than a protein molecule. In line with this concept, the susceptibility of poly-isoprenoids to ROS (singlet oxygen, hydrogen peroxide etc.) has recently been documented \[[@pone.0172682.ref072]\].

Moreover, the present study showed a significant effect of light on the prenyl lipid content in the leaves of Crimean linden. Leaves growing in the sunlight contained more lipid prenyl than leaves growing in shade. Similarly, a significant effect of light on the prenyl lipid content was shown by Bajda et al. \[[@pone.0172682.ref036]\] in studies conducted on gymnosperm and angiosperm plants. It is postulated that tissues that are exposed to direct sunlit accumulate higher amounts of polyprenols \[[@pone.0172682.ref036]\].

AGPs and pectins {#sec022}
----------------

AGPs have been implicated in many processes that are involved in plant growth and development \[[@pone.0172682.ref025],[@pone.0172682.ref073]--[@pone.0172682.ref078]\]. Very few studies on changes in the cell wall components in trees growing under salt stress have been conducted recently \[[@pone.0172682.ref017],[@pone.0172682.ref063]\]. In general, it is known that salinity affects the AGP levels \[[@pone.0172682.ref024]\], but detailed information concerning the presence of particular AGP epitopes in the cell wall under salt stress is not known \[[@pone.0172682.ref079]\]. The only data available in the literature (at least to the best of our knowledge), in which similar AGP antibodies were used, were from studies on the tracheid differentiation of *Pinus radiata* \[[@pone.0172682.ref080]\].

From among the wall proteins, arabinogalactan proteins (AGPs) are considered to be the most reactive in the response of cells to factors reaching the cell from the inside and outside. Because of the widespread occurrence of AGPs in plants and their conservative nature, it is postulated that they play an important role in the control of the growth and differentiation of plants \[[@pone.0172682.ref018]--[@pone.0172682.ref022]\]. At present, it is known that AGPs participate in the exchange of information between plant cells under different developmental condition \[[@pone.0172682.ref081]--[@pone.0172682.ref083]\].

Our results show spatial differences in the occurrence of the AGP epitope between healthy and injured trees and that for most antibodies, the differences were statistically significant. In general, the AGPs of the leaf lamina in healthy trees were more abundant than in injured leaves, and the greatest difference concerned the JIM16 antibodies, which were not present in injured leaves. Studies on a BY-2 tobacco culture showed that salt stress upregulated the total AGPs in the salt-adapted BY-2 cells \[[@pone.0172682.ref024]\]. Moreover, analysis of the gene expression in rice plants showed a strong up-regulation of AGP genes under salt stress \[[@pone.0172682.ref084]\]. Our results and the small amount of data from the literature suggest that increasing levels of AGPs in healthy leaves can be considered to be an adaptation to salinity. Studies on the effect of temperature stress on banana showed an abundance of the JIM16 epitope in the tolerant cultivar \[[@pone.0172682.ref085]\]. Based on these findings two general roles for classical AGPs were proposed: 1) they may stabilize plasma membranes subjected to high internal hydrostatic pressures by acting as periplasmic cushion or 2) AGPs *in muro* as pectic plasticizers \[[@pone.0172682.ref024]\]. The increase of AGPs outside a cell may be related to the stress response and stress adaptation of a plant to salinity as was shown on the example of a suspension culture of *Dactylis glomerata* \[[@pone.0172682.ref026]\]. It is postulate that the release of different AGPs in response to different salt concentration suggests the involvement of AGPs in multiple processes that are related to stress adaptation and cell-to-cell signaling \[[@pone.0172682.ref026]\]. Studies on *Medicago sativa* showed an increase of the AGPs that are recognized by the JIM8 antibody in NaCl-treated plants \[[@pone.0172682.ref027]\].

The abundance of AGPs on cell surfaces, and the presence of GPI anchors indicate that they are involved in cell-to-cell signaling \[[@pone.0172682.ref080]\]. AGPs have also been found within the cell walls \[[@pone.0172682.ref086]--[@pone.0172682.ref088]\]. Moreover, AGPs have been described as having adhesive properties and ability to association with other macromolecules \[[@pone.0172682.ref089]\]. This supposition led to the suggestion that their presence in the middle lamella and cell wall could serve as an adhesive for cell-to-cell contacts \[[@pone.0172682.ref080]\].

In the case of *Medicago sativa*, it was shown that there is an increase in the AGPs that are recognized by the JIM8 antibody in NaCl-treated plants \[[@pone.0172682.ref027]\]. This antibody showed no differences between healthy and injured trees in our studies and further analysis should be performed in the future to explain such a result.

Pectins are subjected to a number of modifications within the cell wall \[[@pone.0172682.ref090]\]. Changes in the composition of pectins have been described for different plants in various developmental stages and under the influence of biotic and abiotic factors \[[@pone.0172682.ref024],[@pone.0172682.ref056],[@pone.0172682.ref091]--[@pone.0172682.ref093]\]. In aspen hybrids grown under salt stress, it was shown that the presence of the pectic epitopes that are recognized by the JIM7 antibodies increased in comparison to the control plants, although the presence of the JIM5 antibodies was the same in both the salt-treated and non-treated plants \[[@pone.0172682.ref017]\]. Studies on *Medicago sativa* showed an increase of unesterified homogalacturonans (JIM5) under salt stress \[[@pone.0172682.ref027]\]. The lack of low-estrified pectins that are detected by the LM19 antibody in injured leaves in *T*. *x euchlora* was similar to the results for the aspen hybrid and may suggest that the rigidity of the cell walls was diminished in comparison to healthy leaves. The level of the LM20 pectic epitope was influenced by the health status of the trees and the level of light. In light of these results, at present, it is difficult to provide an unambiguous determination of the role of this pectic epitope in the physico-chemical properties of the wall and further studies are needed.

It is postulated that RG-I arabinans (LM6) are required for the maintenance of cell wall flexibility and that RG-I galactans (LM5) may be associated with the stiffening of the wall and firmness of the cell \[[@pone.0172682.ref092],[@pone.0172682.ref094]--[@pone.0172682.ref096]\]. In *T*. *x euchlora* leaves, the LM5 epitope was abundantly present in all of the analyzed tissues, and no statistically significant differences were found between healthy and injured leaves. In *T*. *x euchlora*, a higher number of LM6 antibodies was detected in injured trees, and this difference was statistically significant. The increase in LM6 antibodies was described as a reaction of the plant to infection \[[@pone.0172682.ref008]\], which may suggest that this epitope is involved in the reaction of plants to different stressors.

Conclusions {#sec023}
===========

For the first time, the detailed spatial distribution of AGP (JIM8, JIM16, JIM13, and LM2) and pectic (LM5, LM6, LM19, and LM20) epitopes in different tissues of *T*. *x euchlora* leaves was determined both in the leaf lamina and the petiole from trees grown under the same level of salt stress but exhibiting differences in their health status. Our results extend the knowledge about the presence of pectic and AGP epitopes in connection with salt stress on the example of a deciduous tree species. It can be postulated that the substitution of one chemical pattern of cell wall composition for another may reflect a local remodeling of the cell wall.

The obtained results suggest that the defensive strategy of *T*. *x euchlora* trees to salt stress may rely on 1) increasing the synthesis of prenyl lipids that might act as scavengers of reactive oxygen species and/or modulate the transport and deposition of chloride and sodium in the leaf cells, and 2) changing the chemical composition of pectin and AGPs in the cell walls.

Our results can be connected with the health status of trees, which suggests that the adaptation of trees to salinity can be characterized by different chemical compositions in the cell walls.
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